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Abstract On the basis of its predicted homology to human
telomerase reverse transcriptase (hTERT), a cDNA for Arabi-
dopsis thaliana TERT (AtTERT) has now been isolated from
cultured cells. The cDNA contains an open reading frame of
3372 bp, encoding a protein with a predicted size of 131 kDa and
isoelectric point of 9.9. The AtTERT protein contains the
conserved reverse transcriptase motifs 1, 2 and A^E as well as
the TERT-specific T motif. Reverse transcription-polymerase
chain reaction analysis and an assay of telomerase activity
revealed that both AtTERT mRNA and telomerase activity are
abundant in shoot apical meristems but are not detectable in
rosette leaves.
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1. Introduction
Telomeres are elements present at the ends of linear eukary-
otic chromosomes that are essential for their stabilization.
They consist of simple tandem repeat sequences, such as
(TTAGGG)n in mammals, that decrease in number with every
conventional cell division, ¢nally resulting in cell senescence
and death. However, this problem of chromosome end repli-
cation can be overcome by telomerase, a ribonucleoprotein
complex that mediates the elongation of telomere repeat se-
quences by catalyzing the reverse transcription of a template
region within its RNA component. Telomerase activity has
been detected in primitive eukaryotes, such as yeast and cil-
iates, as well as in immortalized and germ-line cells, but not in
most normal somatic cells of humans [1], suggesting that te-
lomerase-mediated maintenance of telomere length is associ-
ated with the cell division capacity.
Telomerase reverse transcriptases (TERTs) have been iden-
ti¢ed as the catalytic subunits of telomerase in various eukar-
yotes, including human [2,3], mouse [4], Saccharomyces cere-
visiae [5], Schizosaccharomyces pombe [2], Euplotes aediculatus
[6], Tetrahymena thermophila [7,8] and Oxytricha trifallax [8].
Given that telomerase activity has been reconstituted with the
combination of the TERT (hTERT) and the RNA component
of human telomerase in vitro [9^11], these two molecules are
thought to constitute a minimal core unit for expression of
such activity. Overexpression of the hTERT gene in normal
human cells results in an increase in telomerase activity and a
consequent lengthening of both the telomeric DNA and cel-
lular life span [12,13]. Point mutations in or deletion of the
yeast TERT gene result in gradual telomere shortening and
aberrant cell morphogenesis [2]. The expression of the hTERT
gene associated with cell immortality is controlled predomi-
nantly at the transcriptional level [2,3] and the abundance of
mouse TERT (mTERT) mRNA is regulated during both cell
di¡erentiation and proliferation [4]. Taken together, these ob-
servations indicate that expression of the structurally con-
served catalytic subunit of telomerase is an important deter-
minant of telomerase activity.
Compared to TERT proteins in yeast, ciliates and mam-
mals, all of which have been extensively studied, little infor-
mation is available on plant telomerases. Plant telomerase
activity has been detected in certain tissues and cells, including
the barley embryo, immature seeds of Arabidopsis thaliana [14]
and cultured tobacco BY-2 cells [15], with the use of the
telomeric repeat ampli¢cation protocol (TRAP) assay. Telo-
merase activity is abundant in undi¡erentiated cells and mer-
istematic tissues but is low or absent in non-proliferating tis-
sues and mature organs [16,17]. Moreover, both telomere
length and telomerase activity are developmentally regulated
in Melandrium album [18]. These observations suggest that
plant telomeres are maintained by a telomerase-mediated
mechanism. However, neither TERT nor the telomerase
RNA component have been identi¢ed in any plant species
to date.
Our preliminary observation that suspension cultures of A.
thaliana cells show both a high proliferative capacity and a
high level of telomerase activity suggested that these cells ex-
press a TERT gene homolog. With the help of the DNA
sequence available from the Arabidopsis genome project, we
have now isolated a cDNA from cultured A. thaliana cells that
encodes a protein homologous to hTERT. We also show that
the extent of expression of this A. thaliana gene correlates
with telomerase activity in plant tissues.
2. Materials and methods
2.1. Plant materials and growth conditions
Suspension cultures of A. thaliana ecotype Col-0 [19] cells were
grown on a rotary shaker (120 rpm) at 22‡C in modi¢ed Mura-
shige-Skoog salt medium [20] supplemented with 2,4-dichlorophenoxy
acetic acid (Wako, Osaka, Japan) at 1 mg/l and 2.5 mM KH2PO4.
The cells were subcultured once a week. Intact A. thaliana plants were
grown on potted vermiculite in a glasshouse at 23‡C with light for
14 h.
2.2. Molecular cloning and sequence analysis
With the use of the BLAST program, we searched the GenBank
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Arabidopsis database with the amino acid sequence of hTERT. A
bacterial arti¢cial chromosome clone (T1704TRD) was identi¢ed that
contained a 625 bp genomic sequence (accession number B27802)
encoding an amino acid sequence that showed substantial similarity
to reverse transcriptase (RT) motifs C, D and E of hTERT. To clone
a cDNA fragment corresponding to the T1704TRD genomic clone,
we prepared forward (T1704TRD-f, 5P-GCGAGCTCTTACTG-
AGATTTATTGATGAC-3P) and reverse (T1704TRD-r, 5P-GCTC-
TAGACAACAGAAAGATCTGATAGATGTT-3P) oligonucleotide
primers for polymerase chain reaction (PCR) ampli¢cation with
cDNA derived from A. thaliana cultured cells. Restriction enzyme
sites that were added to the 5P-end of each primer are underlined
(GAGCTC, SacI; TCTAGA, XbaI). The resulting 441 bp ampli¢ca-
tion product was digested with SacI and XbaI and cloned into the
pUC118 vector. For preparation of a T1704TRD DNA probe, the
fragment was excised and labelled with digoxigenin by a PCR-based
method (Boehringer Mannheim) with the same two primers as above.
Polyadenylated (poly(A)) RNA was extracted from 7 day cultures
of A. thaliana cells with the use of a QuickPrep Micro mRNA puri-
¢cation kit (Amersham Pharmacia Biotech). A cDNA library was
prepared from the poly(A) RNA with the use of a ZAP Express
cDNA synthesis kit and Gigapack cloning kit (Stratagene) and was
then screened with the T1704TRD probe by plaque hybridization.
Three independent positive clones were isolated and the correspond-
ing inserts were excised and incorporated into the phagemid vector in
vivo. The resulting plasmids were sequenced on both strands with the
use of an Applied Biosystems model 373S DNA sequencer (Perkin-
Elmer Japan, Chiba, Japan).
Multiple sequence alignments were performed with the Clustal V
program. All parameters were default except for during the analysis of
motif 2, which was divided into two fragments at the period shown in
Fig. 1 and each fragment was analyzed separately with gap penalties
of 50. For construction of the phylogenetic tree, the amino acid se-
quences of the conserved motifs T, 1, 2 and A^E of each TERT
homolog were joined and aligned with the use of the Clustal W pro-
gram and the neighbor-joining method was then applied [21].
2.3. Southern hybridization analysis
For Southern hybridization, genomic DNA was isolated from cul-
tured A. thaliana cells with the use of a Plasmid Midi kit (QIAGEN).
Genomic DNA was also prepared from tomato, rice and tobacco
(BY-2 cultured cells) with the use of the CTAB method [22]. Genomic
DNA (10 Wg) was digested with EcoRI, XbaI, BglII or XhoI and the
resulting fragments were fractionated by electrophoresis on a 1.0%
agarose gel and then transferred to a Hybond-N nylon membrane
(Amersham Pharmacia Biotech) by capillary transfer. Hybridization
was performed with the digoxigenin-labelled T1704TRD probe under
high- or low-stringency conditions and signals were detected by chem-
iluminescence (Boehringer Mannheim).
2.4. Reverse transcription and PCR analysis
Poly(A) RNA was extracted from 7 day cultures of A. thaliana
cells, as well as from shoot segments containing apical meristems and
from rosette leaves of 6 week old plants, with the use of a QuickPrep
Micro mRNA puri¢cation kit. Reverse transcription and subsequent
PCR were performed with an RT-PCR High kit (TOYOBO, Osaka,
Japan). Complementary DNA was synthesized from 100 ng of poly-
(A) RNA with 100 ng of oligo(dT) primer in a 20 Wl reaction
volume, with serial incubations for 10 min at 30‡C, 60 min at 42‡C
and 5 min at 99‡C. With 1 Wl of the reverse transcription product as
template, PCR ampli¢cation was then performed with the T1704TRD
primers described above in a total volume of 20 Wl. The ampli¢cation
protocol comprised 40 cycles of 95‡C for 30 s, 55‡C for 30 s and 72‡C
for 30 s. To allow for variations in the amount of input RNA and in
the e⁄ciency of reverse transcription, we also ampli¢ed the A. thaliana
ubiquitin (AtUBQ) gene as a control. A portion (5 Wl) of the PCR
product was subjected to electrophoresis on a 1.5% agarose gel, which
was then stained with GelStar (FMC BioProducts). Signals were
scanned and quanti¢ed with the use of a FluorImager and Image-
quaNT software (Molecular Dynamics), respectively.
2.5. Telomerase assay
Telomerase activity was assayed by TRAP [23] with minor modi¢-
cations [28]. Extracts were prepared from 3 day old cultures of A.
thaliana cells as well as from shoot segments containing apical mer-
istems and from rosette leaves of 6 week old plants. A portion (8 Wl)
of the PCR product was subjected to electrophoresis on a non-dena-
turing 10% polyacrylamide gel, which was then stained with GelStar.
Ladders of DNA bands were scanned with a FluorImager.
3. Results
3.1. Cloning of the A. thaliana TERT cDNA
To isolate a TERT gene homolog from A. thaliana, with the
use of the BLAST program, we ¢rst searched the GenBank
Arabidopsis database with the entire amino acid sequence of
hTERT. A 625 bp genomic sequence (T1704TRD) was thus
identi¢ed that encoded an amino acid sequence with signi¢-
cant homology to a region of hTERT containing motifs C, D
and E (probability, 3.2U1037). With a primer set based on
the nucleotide sequence of T1704TRD, a 441 bp DNA frag-
ment was ampli¢ed by reverse transcription and PCR from
poly(A) RNA isolated from cultured A. thaliana cells. This
fragment was labelled with digoxigenin and used as a probe to
screen an A. thaliana cDNA library constructed with mRNA
isolated from cultured cells. Three independent clones were
obtained, the largest of which contained the initiation codon
(ATG) of the open reading frame as revealed by the presence
of an in-frame termination codon (TGA) 96 bp upstream.
Nucleotide sequence analysis of the three clones revealed an
open reading frame of 3372 bp that encodes a protein of 1124
amino acids with a calculated molecular mass of 131 kDa and
an isoelectric point of 9.9. These values are similar to those
for the seven other known TERTs, which range in size from
103 to 133 kDa (average, 123 kDa) and in isoelectric point
from 10.0 to 11.3 (average, 10.4). We therefore designated the
encoded protein AtTERT (for A. thaliana TERT).
3.2. Structural characterization of AtTERT
Multiple alignment of the amino acid sequences of the var-
ious conserved motifs of AtTERT with those of previously
characterized TERT proteins is shown in Fig. 1. AtTERT
contains all seven RT motifs [24] and the telomerase-speci¢c
T motif previously identi¢ed. All of these motifs have been
considered signature sequences for the identi¢cation of TERT
family members [2]. In addition, AtTERT contains a con-
served Arg residue in motif 1 as well as a conserved aromatic
residue (Tyr or Phe) immediately downstream of the two Asp
residues in motif C, consistent with telomerase-speci¢c fea-
tures of RT motifs that distinguish them from the correspond-
ing motifs of retroviral and retrotransposon consensus se-
quences [2]. AtTERT apparently lacks a CP motif, which is
speci¢c to TERTs of ciliated protozoa [8].
The extent of amino acid sequence homology among the
conserved motifs of all known TERT proteins and a possible
phylogenetic tree based on these amino acid sequences are
shown in Table 1 and Fig. 2, respectively. The motifs of At-
TERT show a greater sequence identity and similarity to
those of hTERT and mTERT than they do to those of
TERTs from yeast or ciliates (Table 1). Similarly, AtTERT
was clustered with hTERT and mTERT in the same branch of
the phylogenetic tree (Fig. 2). The tree contained three clusters
of TERT proteins corresponding to those of yeast, ciliates and
higher eukaryotes, consistent with the evolutionary relations
among these species. Moreover, AtTERT resembles hTERT
not only in the conserved motifs (Table 1) but also in the
COOH-terminal region (26 and 38% identity and similarity,
respectively).
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3.3. Southern hybridization analysis of the AtTERT gene
To determine whether the AtTERT gene is present in a
single copy in the A. thaliana genome, we performed Southern
hybridization with the T1704TRD probe. The four restriction
enzymes EcoRI, XbaI, XhoI and BglII were chosen for diges-
tion of genomic DNA. There are no restriction sites for EcoRI
or XbaI in the full-length AtTERT cDNA or for XhoI and
BglII in the T1704TRD region of the cDNA, although there is
a unique site for each of Xho I and Bgl II in the full-length
cDNA. A single hybridization signal was detected for each of
the digests obtained with these restriction enzymes (Fig. 3),
indicating that the AtTERT gene is most likely present in the
A. thaliana genome in a single copy.
A conserved telomeric repeat sequence and telomerase ac-
tivity have been detected in various plant species, including
tobacco, tomato and rice, suggesting that telomeric mainte-
nance in these species is also mediated by a TERT homolog.
Fig. 2. Phylogenetic tree based on the amino acid sequences of the
conserved motifs of TERT proteins. The tree was constructed by
the neighbor-joining method [21] after sequence alignment of the
conserved motifs (T, 1, 2 and A^E). The number at each node indi-
cates the percentage of 1000 bootstrap replicates for statistical sup-
port.
Fig. 3. Southern blot analysis of the AtTERT gene. Southern blot
analysis of A. thaliana genomic DNA with the digoxigenin-labelled
T1704TRD probe. Genomic DNA was completely digested with
EcoRI (lane 1), XbaI (lane 2), BglII (lane 3) or XhoI (lane 4). Lane
M, molecular mass markers (EcoT14I-digested V phage DNA), the
sizes of which are indicated in kb.
Fig. 1. Multiple sequence alignment of the conserved motifs of the eight TERT proteins identi¢ed to date. Organisms represented are A. thali-
ana (AtTERT), Homo sapiens (hTERT) [2,3], Mus musculus (mTERT) [4], S. cerevisiae (Sc_Est2p) [5], S. pombe (Sp_Trt1p) [2], E. aediculatus
(Ea_p123) [6], T. thermophila (Tt_TERT) [8] and O. trifallax (Ot_TERT) [8]. Boxed residues match the consensus sequence, being present in
¢ve or more proteins. Shaded residues represent similar amino acids. The consensus sequence for each motif is also shown, with bold face let-
ters indicating identity among all TERTs and asterisks indicating the presence of similar residues at that position. The numbers of amino acids
between motifs and to the ends of each protein are also shown. Periods indicate gaps introduced to optimize alignment. Abbreviation for the
amino acids are as follows: A, Ala; C, Cys; D, Asp; E, Glu; F, Phe; G, Gly; H, His; I, Ile; K, Lys; L, Leu; M, Met; N, Asn; P, Pro;
Q, Gln; R, Arg; S, Ser; T, Thr; V, Val; W, Trp and Y, Tyr. The nucleotide sequence of the AtTERT cDNA has been deposited in GenBank
under accession number AF135454.
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To investigate this possibility, we subjected genomic DNA
from tomato, rice and cultured tobacco BY-2 cells to South-
ern hybridization analysis with the T1704TRD probe. Unex-
pectedly, no hybridization signal was detected with digests of
these plant genomes prepared with either EcoRI or XbaI (data
not shown). The same result was obtained when hybridization
was performed with the full-length AtTERT cDNA as probe,
even under low-stringency conditions (data not shown).
3.4. Expression of the AtTERT gene and telomerase activity in
A. thaliana cells and tissues
Telomerase activity in human and mouse cells is thought to
be controlled predominantly by transcriptional regulation of
the TERT gene [2^4]. To examine the relation between ex-
pression of the AtTERT gene and telomerase activity in A.
thaliana, we measured telomerase activity and the abundance
of AtTERT mRNA in cultured cells, shoot apical meristems
and rosette leaves. With the use of the TRAP assay, we de-
tected marked telomerase activity in cultured cells and in
shoot apical meristems (Fig. 4A), both of which possess a
proliferative capacity.
The telomerase activity was proportional to the protein
concentration and was abolished by the addition of RNase
A to the elongation reaction. In contrast, telomerase activity
was not detected in rosette leaves (Fig. 4A). Reverse tran-
scription and PCR analysis revealed the presence of AtTERT
mRNA in cultured cells and shoot apical meristems but not in
rosette leaves (Fig. 4B), consistent with the pattern of expres-
sion of telomerase activity. Both telomerase activity and the
abundance of AtTERT mRNA were about 10-fold greater in
cultured cells than in shoot apical meristems (Fig. 4), prob-
ably re£ecting a small proportion of apical meristematic tissue
in the shoot segment samples. These results suggest that tran-
scription of the AtTERT gene is essential for the expression of
telomerase activity in Arabidopsis.
4. Discussion
In the present study, we have identi¢ed a TERT homolog in
the higher plant A. thaliana. In vitro reconstitution experi-
ments have shown that the core catalytic unit of telomerase
from other organisms consists of the TERT protein in combi-
nation with the telomerase RNA [9^11]. Although the RNA
component of a plant telomerase has not been identi¢ed, it is
likely that AtTERT and the corresponding telomerase RNA
subunit also constitute an active core enzyme that is essential
for catalysis of telomere formation. The identi¢cation of At-
TERT reinforces the conclusion that the TERT catalytic sub-
unit is a phylogenetically conserved component of telomerase
throughout evolution. Moreover, the amino acid sequence of
AtTERT resembles those of TERT proteins of higher eukar-
yotes more closely than it does those of TERTs from lower
eukaryotes, consistent with the overall evolutionary relations
among eukaryotes.
The human telomerase RNA subunit is most abundant in
telomerase-positive cells, but is also present in many telomer-
ase-negative cells. In contrast, the abundance of hTERT
mRNA is much more closely related to the telomerase activity
of a cell, indicating that the expression of telomerase activity
is largely determined at the level of transcriptional regulation
of the hTERT gene. Alternative splicing of the primary
hTERT transcript has also been shown to contribute to the
regulation of telomerase activity during fetal cell development
[25]. However, the amount of hTERT mRNA in human lym-
phocytes does not correspond precisely to the level of telomer-
Fig. 4. Telomerase activity (A) and the abundance of AtTERT
mRNA (B) in A. thaliana cells and tissues. (A) TRAP assay of telo-
merase activity in cultured cells (lanes 1^4), shoot apical meristems
(lanes 5^8) and rosette leaves (lanes 9^12). The elongation reactions
were performed with 500 ng (lanes 1, 5 and 9), 50 ng (lanes 2, 6 and
10) or 5 ng (lanes 3, 7 and 11) of protein or with 500 ng of protein
plus 500 ng of RNase A (lanes 4, 8 and 12). (B) Reverse transcrip-
tion and PCR analysis of AtTERT mRNA in cultured cells (lane 1),
shoot apical meristems (lane 2) and rosette leaves (lane 3). Values
shown represent the amount of AtTERT mRNA in each sample rel-
ative to that in shoot apical meristems. Ampli¢cation of the AtUBQ
gene was performed as a control.
Table 1
Amino acid sequence homology among the eight known TERT proteins
Identity/similarity AtTERT hTERT mTERT Sc_Est2p Sp_Trt1p Ea_p123 Tt_TERT Ot_TERT
AtTERT 48.4 51.6 36.6 42.0 43.9 42.5 42.5
hTERT 33.8 80.9 40.5 46.5 44.7 39.9 42.1
mTERT 35.6 72.4 39.2 46.5 43.0 42.5 42.5
Sc_Est2p 24.2 26.0 23.3 43.0 40.4 38.6 39.5
Sp_Trt1p 26.5 31.0 31.4 29.4 43.4 41.7 41.7
Ea_p123 29.4 28.1 25.9 24.6 27.6 59.5 74.3
Tt_TERT 28.9 25.4 28.1 22.4 27.2 43.6 59.0
Ot_TERT 27.6 27.6 24.6 23.2 26.8 63.3 42.7
Sequence identity and similarity among conserved motifs (T, 1, 2 and A^E) of the indicated proteins are shown below and above the diagonal,
respectively.
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ase activity, which is regulated during cell development, di¡er-
entiation and activation [26]. Moreover, hTERT possesses
two putative phosphorylation sites for the protein kinase
Akt, which increases human telomerase activity through phos-
phorylation [27]. These results thus suggest that telomerase
activity is regulated at multiple steps subsequent to transcrip-
tion of the TERT gene, including regulation at both post-
transcriptional and post-translational levels. It is possible
that telomerase activity in A. thaliana, at least in meristematic
tissues and cultured cells, is controlled predominantly by tran-
scriptional regulation of the AtTERT gene. Alternative splic-
ing of AtTERT RNA was not detected in the present study
and no phosphorylation sites for protein kinases are apparent
in the primary structure of the AtTERT protein. The mecha-
nisms by which telomerase activity is regulated in A. thaliana
thus require further investigation.
Studies of the mechanisms underlying maintenance of telo-
mere length and regulation of telomerase activity in plants
have been hampered by the lack of a molecular characteriza-
tion of a plant telomerase. Previous studies have shown that
plant telomerases are regulated precisely during the cell divi-
sion cycle [28] as well as during development and di¡erentia-
tion [18]. The molecular cloning of the AtTERT subunit
should now facilitate molecular approaches to determining
the roles of and de¢ning the regulatory mechanisms of plant
telomerase. In other organisms, several factors have been
identi¢ed as components of the telomerase holoenzyme or
regulators of telomerase activity, including p80 homologs
[29,30], telomeric repeat binding factors in humans [31] and
Est1p in ¢ssion yeast [32]. The cloning of the AtTERT gene
may also facilitate identi¢cation of such telomerase regulatory
proteins in plants.
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